Abstract: This work uses empirical data from the HELCOM database and a new empirically-based model to predict the concentration of cyanobacteria in the Baltic Proper. The aim has been to estimate nitrogen fixation. The inherent variabilities/patchiness in the variables regulating nitrogen fixation are great. This means that different approaches may provide complementary information so that several relatively uncertain estimates may together provide less uncertainty in the estimate for nitrogen fixation in a given system. We show that there is marked variability in nitrogen fixation among different years (a factor of 20 between the year 2001 with the smallest value and 2005 with the highest value of about 900 kt/yr of N-fixation). The mean value for the period from 1997 to 2005 was 190 kt/yr. TN/TP based on median monthly data has been higher than the Redfield ratio of 7.2 since 1994. 6.5% of all individual data (n = 3001) from the surface-water layer (44 m) in the Baltic Proper for samples with temperatures higher than 15°C (when risks of getting cyanobacteria blooms are favoured) have TN/TP lower than 7.2. The mean TN/TP is 20 for surface-water sites with temperatures higher than 15°C, indicating that the average trophic conditions in the Baltic Proper are likely more limited by phosphorus than nitrogen. Nitrogen fixation is an important contributor to the nitrogen concentration and we give overall budgets for nitrogen and phosphorus in the Baltic Proper, including nutrient data from land uplift, which is the most important contributor for nutrients and often neglected in discussions about sources of nutrients to the Baltic Sea.
INTRODUCTION
Quantifying nitrogen fixation is essential for estimating the nitrogen balance in marine waters and understanding the causes of marine eutrophication. Since nitrogen fixation is triggered by high temperatures, low non-gaseous nitrogen concentrations and high phosphorus concentrations in the water, this process may determine which nutrient regulates primary production in the long run, and thus which nutrient should be abated in order to remediate marine eutrophication [1, 2] . Fig. (1) illustrates the main processes regulating external fluxes (atmospheric input and river inflow) of nutrients (nitrogen and phosphorus) to a given aquatic system, internal fluxes (sedimentation, resuspension, diffusion, denitrification and burial) including the very important relationship between the amount of the nutrient in dissolved (bioavailable) and particulate form (the only part that can settle out due to gravity) forms. The focus of this work is on nitrogen fixation.
Many papers discuss nitrogen fixation in the Baltic Sea [3] [4] [5] [6] [7] . Table 1 gives two empirical models for lakes as a background for this work. The first is the well-known OECD-model [8] predicting mean summer chlorophyll-a concentrations from total phosphorus concentrations (TP). This model yielded a coefficient of determination (r 2 ) of 0.77 when tested for lakes from a wide trophic level domain (characteristic TP-concenterations from 2.5 g/l, i.e., oligotrophic, to 100 g/l, i.e., hypertrophic). The second empirical model in Table 1 concerns the main topic of this work, a predictive model for cyanobacteria based on readily accessible x-variables, such as the TP-concentration in this model (from [9] ), which gave an r 2 of 0.71 when tested for 29 systems covering a very wide limnological domain (TP from 8 to 1300 g/l). Smith's empirical model for cyanobacteria applies to lakes.
The aim of this paper is to use a new empirically-based model from [10] to predict cyanobacteria and nitrogen fixation in the Baltic Proper. This model will be outlined in the next section. Table 2 provides background for this work. This table summarizes transport processes to, within and from the Baltic Proper. The value (bolded) for nitrogen fixation is 130 000 tons per year. This value indicates an order-ofmagnitude figure for fixation in the Baltic Proper. The value is, however, very uncertain. References [11] and [12] gave values of 100 kt/yr, [13] gave 130 kt/yr for the Baltic Proper and the Gulf of Finland, [14] estimated values from 18.2 to 186 kt/yr for the Baltic Proper and the Mecklenburg Bay and [4] noted a ranged of 30 to 260 kt/yr for the period 1992 to 1997. Yearly estimates of nitrogen fixation from the Baltic Proper are given in Table 3 (according to [5] ). These values were calculated as increases in TN minus atmospheric deposition plus particulate N sedimentation at the Landsort Deep, and extrapolated to other basins according to local increases in TN. The summer increase in TN strongly coincided with blooms of N-fixing cyanobacteria in 1997 and 1998 and these values are about 60% of those calculated by [6] . [7] estimated the N-fixation rate in the Baltic Proper to about a factor of 2 times the values in Table 3 (434 -792 kt/yr), while earlier estimates have generally been much lower and have not included night measurements, the complete growing season, or the important contribution from phytoplankton smaller than 10 m.
Hence, all approaches to quantify the annual fluxes of nutrients in Fig. (1) are more or less uncertain. To quantify nitrogen fixation should be one of the most difficult and uncertain because the cyanobacteria show such very high coefficients of variation and this will be discussed in a following section. It is important to identify all major sources of nutrient inputs not just to the Baltic Proper but to all polluted water systems and to quantify all major fluxes because this will determine the expectation one would have on different, often costly, measures to reduce nutrient emissions and improve ecosystem conditions. If the total inflow of nitrogen to the Baltic Proper from countries/processes is 1 800 000 tons per year ( Table 2) , and if Swedish anthropogenic emissions are just 2.6% of all the nitrogen transport to the Baltic Proper, this will determine the expectations that one would have on such reductions, and also provide a possibility to compare the cost-effectiveness of alternative approaches to reduce nitrogen fluxes to the system. The average composition of algae is given by the Redfield ratio 7.2, if the calculation is done in g (see [15] and [16] ) and 16:1, if the calculation is based on the number of atoms.
Another critical uncertainty in Fig. (1) concerns the equilibria between nutrients in dissolved and particulate phases, the time scales of these interactions, and what is actually meant by "limiting" nutrient. At short time scales (seconds to days), it is evident that the causal agent regulating/limiting biouptake and primary production is the concentration of the nutrient in bioavailable forms [17] . This also implies that the bioavailable forms are quickly regenerated so their supply is poorly described by their concentrations at any given sampling site [18] . This also explains why there are no practically useful predictive models for chlorophyll based on dissolved forms (DIN, DIP, phosphate, nitrate, etc.), but rather on TN or TP (see Table 1 or [19, 20] ). At longer time scales (weeks to years), and for all practical purposes in water management, one must recognize the difference between what is causally the "limiting" agent in primary production at short time scales, and what is the form of the nutrient limiting predictions of chlorophyll or cyanobacteria at the ecosystem scale for longer periods of time. This paper uses an empirical model for total cyanobacteria, which concerns the latter aspects, the ecosystem scale (the entire Baltic Proper) using monthly data.
The problem to understand and predict TN-concentrations in marine systems is accentuated by the fact that there are no (to the best of our knowledge) practically useful models to quantify the particulate N-fraction in saltwater systems (but such approaches are available for phosphorus in lakes and brackish systems, see [21] . In mass-balance modelling, it is imperative to have a reliable algorithm for particulate nitrogen, since the particulate fraction (PF) is the only fraction that by definition can settle out due to gravity. From previous modelling work [22] , one can conclude that it is also very difficult to quantify denitrification (Fig.  1) . Denitrification depends on sediment red-ox conditions, i.e., on sedimentation of degradable organic matter and the oxygen concentration in the deep-water zone, but also on the frequency of resuspension events, on the presence of mucusbinding bacteria, and on zoobenthos and bioturbation. Given this complexity, it is easy to understand why empirically well-tested algorithms to quantify denitrification on a monthly basis do not exist to the best of our knowledge. The atmospheric wet and dry deposition of nitrogen may (as indicated in Fig. 1 ) be very large (in the same order as the tributary inflow) and patchy [23] , which means that for large coastal areas and smaller systems distant from measurement stations, the uncertainty in the magnitude of atmospheric wet and dry N-deposition is also generally very large. To Kattegat 260 000 18 000
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D. Other terms
Burial in sediments (3·180 000)* = 540 000 (220 000 -40 000) = 180 000 Denitrification (1 800 000 -600 000 -540 000) = 660 000
The question about "limiting" nutrient is central in aquatic ecology and has been treated in numerous papers [19, 20, [23] [24] [25] [26] . The salinity is of paramount importance to the predictions of chlorophyll and cyanobacteria. The salinity influences the aggregation of suspended particles [21] , of particular interest in understanding variations in water clarity, which in turn regulate the depth of the photic zone and hence primary production. The saltier the water, the greater the flocculation of suspended particles. An increased salinity together with N-limitation and increased light seem to control factors of N-fixing cyanobacteria in estuaries, according to [27] .
The abundance of cyanobacteria compared to other algal groups is closely related to the TN/TP-ratio. Cyanobacteria have been found to dominate lake primary production at TN/TP 29 (by weight) and are much less abundant at higher ratios, while nitrogen-fixing cyanobacteria tend to dominate at TN/TP 22 [28] . [9] found TP to be a better predictor of the biomass of cyanobacteria (CB) than TN and TN/TP.
THE MODEL
This approach does not concern cyanobacteria produced in the benthic zone. In the derivation of the model [10] , data from many databases were used, and Table 4 gives a compilation of information used as well as data used for the Baltic Proper (from the HELCOM data base). Fig. (2A) gives the (log-log) regression between chlorophyll-a concentrations and total cyanobacteria (CB = median values for the growing season) using lake data. One can note a highly significant and mechanistically understandable strong positive co- variation between these two measures of primary production in lake water. This relationship might have looked different had it been based on daily, weekly or monthly values and it is probable that this co-variation also exists for many marine systems. The following calculations first show maximum values for nitrogen fixation.
In a following section, we will also discuss the fraction of N-fixing species of the total biomass of cyanobacteria in the Baltic Proper.
CB Versus TP
The basic regression is given in Fig. (2B) (r 2 = 0.76; n = 86). This regression includes data from more systems than the equation given by [9] and it also yields a higher r 2 -value (0.76 as compared to 0.71).
CB Versus Temperature
In the literature, temperatures between 15 and 17 ºC have been reported as the minimum for cyanobacteria blooms in freshwater systems and in the Baltic Sea [7, 29, 30] . Laboratory experiments on cyanobacteria also support this conclusion [31] [32] [33] . There are also reports that cyanobacteria have a requirement of temperatures of about 20-21 ºC to form blooms. Those reports are from a freshwater lake in Canada [34] , the North Pacific Ocean [35] and an estuary in Australia [36] . The optimal growth temperatures in laboratory experiments are usually around 25 ºC for many species [31, 33, 37] , but these experiments often use species from temperate areas. With higher temperatures, growth rate usually starts to decrease. In field data from the Baltic Sea [3] , this decrease in growth rate is not shown because there are few occasions with temperatures higher than 20 ºC. 
CB Versus Salinity
In hypertrophic lakes, the biomass of cyanobacteria can be very high with concentrations of about 100 mg/l [9] . [38, 39] found no data on N-fixing planktonic species in estuaries and coastal seas, except for the Baltic Sea and the PeelHarvey estuary, Australia. Also results from [40] support this general absence of N-fixing cyanobacteria in estuaries. There are more than 10 nitrogen fixing cyanobacteria species in the Baltic Proper [6] . The number of species and the nitrogen fixation rates have been considerably revised upwards during recent years [7] . A field study in the Baltic Sea [3] indicates that in this brackish environment species of cyanobacteria have, interestingly, the highest biomass at salinities of 7 -8 psu and that the blooms in Kattegat and Belt Sea are more frequent if the salinity is below 11.5 psu. Results from a laboratory experiment with cyanobacteria from the Baltic Sea support the highest growth rates at salinities between 5 and 10 psu [33] . According to [41] , blooms of cyanobacteria in marine environments may not be as common as in freshwater systems. In marine systems, there are just a few dominant genera. In a field study in the Pacific Ocean [35] , there was no correlation between the salinity and the abundance of cyanobacteria and no cyanobacteria were found in the cooler, less saline waters. In this model (Eq. 2), the influences of the Model domain: 4 < TP < 1300; 165 < TN < 6830; 0 < salinity < 40; 8 < SWT < 25
Model for cyanobacteria Fig. (3) . Outline of the model to predict median summer values of cyanobacteria in lakes and coastal areas (from [10] ). salinity on cyanobacteria are motivated by empirical data from many systems [10] : 
This means that at a salinity of 10 psu, Y sal is 2.1 and CB a likely factors of 2.1 higher than in freshwater systems. 
CB
This means that for systems with TN/TP (based on median values for the growing season) higher than 15, one can use the basic regression without any correction, but for systems with TN/TP < 15, Eq. 3 is used. If, e.g., TN/TP = 7.2, then Y TNTP = 2.56, and the CB-value a factor of 2.56 higher than the value suggested by the basic regression.
The general model for cyanobacteria may give rather uncertain predictions for systems with high TN/TP and low temperatures. However, during such conditions, the Nfixation should be small. Predicting conditions with high CB is evidently more important in calculations of N-fixation. Due to the fact that all methods to estimate N-fixation in entire systems at longer time scales (such as month or years) are very uncertain, there is good reason to regard the approach presented here as complementary to other approaches.
Measured N-fixation tends to follow a similar pattern as the prevalence of cyanobacteria [6, 38, 39] . Analyses using gene sequencing techniques have suggested that more organisms than we currently know may fix nitrogen in both lakes and marine systems [42] .
DATA AND DATA UNCERTAINTY
To estimate the N-fixation in the Baltic Proper, we have used one main dataset, the HELCOM data compiled in Table 4C [43] . All calculations have used median monthly values on TN, TP, salinity and temperature since these are the obligatory driving variables in the model.
The uncertainty in the model variables may be expressed by the coefficient of variation (CV = SD/MV; SD = standard deviation; MV = the mean value) and Table 5 gives a compilation of characteristic CV-values for many of the variables discussed in this work for 58 lakes. One should note from Table 5 that cyanobacteria should be expected to have significantly higher CVs than most other variables and are therefore more difficult to predict with a high certainty. It is also important to note that dissolved inorganic nutrient fractions have considerably higher CVs than TN and TP. Thus, dissolved inorganic nutrient fractions are, in relation to TN and TP, not only poorly correlated with chlorophyll and Secchi depth [44] , but given their high inherent uncertainties, it is much more costly to determine reliable mean/median values that can be used in ecosystem models, whose scientific quality and usefulness is given by their predictive power. The basic factors regulating CVs for chlorophyll and cyanobacteria (i.e., nutrients, temperature, light, salinity, predation, analytical uncertainties related to sampling) should be similar in most aquatic systems. [45] showed that for the River Danube, the CV for the cyanobacteria was, on average, a factor of 1.3 higher than for chlorophyll.
This means that one should expect that the r 2 -value one can hope to achieve would be lower for cyanobacteria than for chlorophyll and this is also the information conveyed in Table 1 (r 2 = 0.71 and 0.77, respectively). Table 6 exemplifies the calculation routine using data for 2004. The table gives the median monthly values for surfacewater temperatures (i.e., for samples taken above the theoretical wave base of 44 m in the Baltic Proper; see [46] ), salinity, TN, TP and TN/TP, as well as the dimensionless moderators for salinity (Y sal ), surface-water temperature (Y SWT ) and TN/TP (Y TNTP ). The calculated monthly concentrations of total cyanobacteria (CB in g/l) are given as well as the calculated maximum potential N-fixation. The table also shows the dimensional adjustments used in the calculation. From Table 6 , one can note:
RESULTS

Calculating Maximum Nitrogen Fixation in the Baltic Proper
•
The maximum potential N-fixation (in 2004) in the Baltic Proper was about 255 kt, with highest values in July, August and September.
• This corresponds very well to the overall values given in Table 3 .
The calculated lowest and highest values for the maximum potential annual N-fixation in the Baltic Proper for the period 1997 to 2005 are given in Table  7 . One can note:
• The variation among the years is very high: the smallest value is 45 kt, the highest 908 kt.
• The average annual value is 191 kt.
Both [5] and [6] measured higher rates in 1997 than in 1998, but our results show higher rates in 1998 (58 and 71 kt, respectively). However, the order-of-magnitude is about the same in our measurements for these two years, and the uncertainty in the calculated values is higher than the difference between these two years. Using the model, one can also clarify the factors contributing to the calculated values. Fig. (6) illustrates predictions if the four x-variables (i.e., the monthly median values of temperature, salinity, TN and TP) were reduced by 25%. A reduction in TN would increase the predicted biomass of total cyanobacteria considerably, while reductions in salinity, temperature and TP would lower the predicted values; the clearest response would be from reductions in temperature. According to our results, the high CB-values in 2005 may be attributed to relatively high TP-concentrations and high temperatures in the summer and fall.
TN/TP and Cyanobacteria
If TN/TP is lower than 7.2, phytoplankton species that can take up dissolved nitrogen of atmospheric origin will be favoured. Empirical data in Fig. (4) show that there is a threshold limit for the ratio not at 7.2 but rather at 15. Fig.  (7) gives a scatter plot of all available data on TN/TP (n = 24048) from the surface-water layer in the Baltic Proper from 1990 to 2005; Fig. (8) shows variations in median monthly TN/TP in relation to the Redfield ratio of 7.2 and the threshold ratio of 15. From these two figures, one can note that there are no major changes in the general temporal trend. There is also a very large scatter in the data and clear seasonal patterns. Table 8 gives a compilation of TN/TP statistics for the Baltic Proper, divided into four categories: (1) all data from the surface-water layer, (2) all data for situations with temperatures higher than 15 °C, (3) all data with Temp > 15 °C and from water depths < 20 m, and (4) all data with Temp > 15 °C, water depths < 20 m and TP > 10 g/l. This table also gives information on the percentage of the data with TN/TP smaller than 7.2 and smaller than 15. The main conclusion from this table is that less than 7% of the values are smaller than 7.2 and that between 30 and 50% of the TN/TP-ratios are smaller than 15. Fig. (9) gives a frequency distribution for the data at sites with temperatures higher than 15°C.
The key information in Figs. (7-9) and Table 8 is that the conditions in the surface-water layer of the Baltic Proper often favour cyanobacteria. However, in more than 70% of the situations when the water temperature is higher than 15 °C and the risks of blooms of cyanobacteria are highest, the system is not N-limited but P-limited (Fig. 9) . To minimize the overall primary phytoplankton production in the Baltic Proper (eutrophication), one should mainly reduce the discharges of phosphorus to the systems. To achieve a goal of less eutrophication in the Baltic Proper, N-reductions would be more or less meaningless, which is well in line with results presented by [1] . In 30% of the situations, when TN/TP is lower than 15, reductions in N would favour nitrogen fixing cyanobacteria, which should be avoided. Fig. (10) gives a regression between median monthly concentrations of chlorophyll-a and modelled concentrations of total cyanobacteria. The co-variation is significant (p = 0.0008), but the scatter around the regression line is considerable (r 2 = 0.11). Two reasons for this low r 2 -value is that the range in the monthly chlorophyll data is relatively small in the Baltic Proper (from 0.2 to 4 g/l), and that the CV for the empirical chlorophyll data is high.
We have also investigated if it would be possible to test these model predictions of cyanobacteria against empirical data on cyanobacteria. The basic idea was to use information accessible from SMHI (see SMHI website), but that turned out to be very difficult for several reasons. The satellite images only give qualitative (not quantitative) information related to non specified algal blooms in the uppermost water layer at defined hours and the results depend very much on the cloudiness. Our model predictions concern the inventory of total cyanobacteria in the entire surface-water layer (0 to 44 m) in the entire Baltic Proper on a monthly basis, and to transform the information conveyed by the satellite images has been beyond the possibilities of this work.
The Fraction of N-Fixing Cyanobacteria
All calculations so far are based on total concentrations of cyanobacteria (CB tot ) using the model in Fig. (3) . The fraction of N-fixing cyanobacteria (CB fix ) is not identical to, but lower than, CB tot . We have estimated the ratio CB fix /CB tot using data from the Baltic Proper. The data comes from two monitoring stations, one outside the Askö research station (B1) and one at the Landsort deep (BY31). We have accessed the data at, http://www2.ecology.su.se/dbbm/JS.html.
Cyanobacteria from the order Nostocales can fix nitrogen in heterocysts. Nitrogen fixation is rather energy consuming, with each heterocyst requires 12 to 20 photosynthetic cells to provide the necessary energy supply [47] . Recent studies indicate that other primary producers (non-heterocystous cyanobacteria) smaller than 10 μm may contribute considerably to nitrogen of the total N-fixation in the Baltic Proper may be fixation [6] ; measurements indicated that up to 43% done by these organisms, while not contributing much to total biomass. Because heterocyst-forming species of cyanobacteria do not always fix nitrogen and because small non-heterocystous cyanobacteria may contribute to N-fixation, it is complicated to find a reliable value of CB fix /CB tot . Further complicating matters include the high inherent CV for cyanobacteria and the fact that reliable data for the entire surface-water layer for longer periods of time from the Baltic Proper (or from most systems) are scarce. In this estimation of CB fix /CB tot , only the heterocyst-forming species have been considered. An average ratio of 0.85 was calculated from all 580 values (see Table 9 ).
The mean and median values when the water temperature is higher than 15°C (the threshold temperature for cyanobacteria) are between 0.84 and 0.97, respectively. The actual Nfixation may, however, be close to the modelled maximum values since N-fixation from "small organisms" is not included in this ratio. Surface-water layer Baltic Proper   Fig. (6) . Simulations to illustrate how 25% reductions in TN, TP, water temperature and salinity (Sal) would likely influence the concentrations of cyanobacteria in the surface-water layer of the Baltic Proper using data from 1996 to 2005. The curve marked "Actual" is based on empirical data from the given period.
[10] calculated CB fix /CB tot using lake data from [9] , deriving a value of 0.33, which is considerably lower than these results for the Baltic Proper. The mean compositions of cyanobacteria species or genus at the two monitoring stations in the Baltic Proper in situations with water temperatures higher than 15°C are given in Fig. (11) . This diagram is included here so that these results from the Baltic Proper may be translated to other systems where different cyanobacteria with other CB fix /CB tot -ratio may prevail. The two nitrogen fixing species Aphanizomenon sp. and Nodularia spumigena are dominant, with 80% of the biomass. Then follow Cyandictyon spp., Pseudanabaena limnetica, Anabaena spp. and Anabaena lemmermannii with a few percent each. The remaining species contribute, on average, less than 1% of the biomass of cyanobacteria. 
CONCLUDING COMMENTS
The empirically-based approach to predict total nitrogen fixation used in this work (from [10] ) is general and could be used for other aquatic systems in a wide salinity range. It is 
